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Adrenal and gonadal steroid receptor activities are significantly involved and interact
in the regulation of learning, memory and stress. Thus, a coordinated expression
of steroid receptor genes during a learning task can be expected. Although
coexpression of steroid receptors in response to behavioral tasks has been
reported the correlative connection is unclear. According to the inverted U-shape
model of the impact of stress upon learning and memory we hypothesized that
glucocorticoid (GR) receptor expression should be correlated to corticosterone levels
in a linear or higher order manner. Other cognition modulating steroid receptors
like estrogen receptors (ER) should be correlated to GR receptors in a quadratic
manner, which describes a parabola and thus a U-shaped connection. Therefore,
we performed a correlational meta-analyis of data of a previous study (Meyer and
Korz, 2013a) of steroid receptor gene expressions during spatial learning, which
provides a sufficient data basis in order to perform such correlational connections.
In that study male rats of different ages were trained in a spatial holeboard
or remained untrained and the hippocampal gene expression of different steroid
receptors as well as serum corticosterone levels were measured. Expressions of
mineralocorticoid (MR) and GR receptors were positively and linearly correlated
with blood serum corticosterone levels in spatially trained but not in untrained
animals. Training induced a cubic (best fit) relationship between mRNA levels of
estrogen receptor α (ERα) and androgen receptor (AR) with MR mRNA. GR gene
expression was linearly correlated with MR expression under both conditions. ERα
m RNA levels were negatively and linearily and MR and GR gene expressions
were cubicely correlated with reference memory errors (RME). Due to only
three age classes correlations with age could not be performed. The findings
support the U-shape theory of steroid receptor interaction, however the cubic fit
suggest a more complex situation, which mechanisms may be revealed in further
studies.
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INTRODUCTION
Steroids exert significant functions in human and mammalian
brains, acting on neuronal and synaptic plasticity and
neurogenesis. Through these functions, they are significantly
involved in the regulation of stress effects, mood, learning, and
memory generation and storage under normal conditions as well
as in the development of psychiatric diseases.
A long-standing model to understand the relation between
cognitive performance and stress is the inverted-U-shape-
hypothesis, which propose better learning and memory
during states of intermediate stress (Akirav et al., 2004),
whereas very low and escalated stress impairs cognition and
motivation in animals and humans (Anderson, 1976; Sandi
et al., 1997; Andreano and Cahill, 2006; Salehi et al., 2010).
Evidence from behavioral, neuronal and genetic studies
support this hypothesis (Diamond et al., 1992; Luksys et al.,
2009).
The release of glucocorticoids (GRs) is a valid correlate of
stress and has been used to associate stress and behavioral
performance (McGaugh, 1983; Akirav et al., 2001; Korte, 2001;
Joëls, 2006; Salehi et al., 2010; Schwabe et al., 2010). GRs in
the brain act via two distinct receptor populations on neuronal
processes: the GR and the mineralocorticoid (MR) receptor, the
latter less abundant but with a higher affinity to the ligand.
During the last two decades it turned out that probably not only
these receptors, sharing the same ligand, but also other steroid
receptors interact with GR and MR and among each other.
Androgen (AR) and estrogen receptors (ER), which regulation
has been described to be stress related, can communicate with
GR receptors by means of heterodimerization (Chen et al., 1997;
Cvoro et al., 2011). Estrogen receptor α (ERα)/ERβ heterodimers
(Chen et al., 1997; Savatier et al., 2010), interact with GR
receptors (Cvoro et al., 2011) causing mutual enhancement or
reduction of related target gene expression.
Recently, estrogenic functions in males have been reorted
(Gagnidze and Pfaff, 2009; Wu et al., 2009), the ligand
provided by local conversion of testosterone into estradiol by
the enzyme aromatase. ERα and β are expressed particularly in
the hippocampus in males (Weiland et al., 1997; McEwen, 2002;
Kalita et al., 2005), regulating spinal plasticity and long-term
potentiation (LTP; Day et al., 2005; Liu et al., 2008; Kramár et al.,
2009), as well as spatial learning (Frye et al., 2007; Liu et al.,
2008; Rissman, 2008; Neese et al., 2010). However, the effects are
contradictory depending on the behavioral task (Tetel and Pfaff,
2010).
This task specificity together with the interaction between
steroid receptor makes it feasible that the expression of steroid
receptors is regulated in a concerted mannner in response
to the task (McEwen, 1992; van Steensel et al., 1996; Oitzl
et al., 1997). Mahfouz et al. (2016) observed coexpressions of
six nuclear steroid receptors in male mice including the here
studied receptors even in different brain regions suggesting a
coordinated regulation of those regions by GRs and estrogens.
The possible systematic relationships between different receptor
expressions however have not been described so far. According
to the inverted U-shape hypothesis regarding stress and memory
different steroid receptors should be coexpressed in a quadratic
manner. For instance, plasticity and cognition supporting ER
should be maximally coexpressed with GR receptors (regulating
the stress response) when the latter are at an intermediate
level. Using a meta-analytic correlational approach of data of
an earlier study (Meyer and Korz, 2013a), we tried to figure
out whether such relations in the coexpression of different
steroid receptor genes could be found. Therefore, we compared
coexpressions under learning and non-learning conditions in
male rats by linear and nonlinear regression, and their relations
to individual memories. Meta-analyses of previous data in a
first step avoid sacrificing a new and large cohort of animals.
The results however give valuable hints that further studies may
be useful in enhancing the understanding of steroid receptor
network mechanisms.
MATERIALS AND METHODS
Methodological details about housing, spatial training, hormone
assaying and quantitative real time RT-polymerase chain
reaction are given in Meyer and Korz (2013a).
Male Wistar rats at an age of 8 to 24 weeks were used.
The animals underwent spatial training by use of always the
same holeboard protocol or remained untrained. All animals
(trained and untrained) were food deprived and i.c.v cannulated
but did not receive a pharmacologically effective treatment.
The control groups stayed within the testing room throughout
the experiment. All animals were sacrificed at the same time
point (15 min after the retention trial, i.e., between 10:15 and
10:30 a.m.). Raw data were taken from Meyer and Korz (2013a),
and were differently analyzed in the present study.
Statistical Analyses
All statistical analyses were made by SPSS (V. 18).
Regression curve fit analyses. Linear, quadratic and cubic
regression algorithms have been tested. The quadratic function
(Y’ = a + b1X1 + b2X12) is a second order polynomial regression
representing the inverted U-shape model describing a parabola.
The cubic regression is a third order polynomial regression
similarily shaped (Y’ = a + b1X1 + b2X12 + b3X13). Higher
order regressions have not been tested. Regressions coefficients
were considered only if the regression analysis of variance
(ANOVA) table was significant, meaning that the p-value is
below 0.05 indicating that the curve fits (least square) the data.
The model which explained most of the variance is given in
the figures. Deviation from the model was tested by using the
Wald-Wolfowitz runs test. Differences in slopes or intercepts
were tested by analysis of covariance (ANCOVA). All groups
described in the Meyer and Korz (2013a) study has been
included in this study. However correlational studies require
complete hormone and receptor data sets of individual rats.
Because corticosterone concentrations were not measured
for all animals from which the molecular measures were
taken, receptor and hormone regression analyses cover lower
sample sizes as the receptor-receptor analyses, not for all
animals where corticosterone has been measured all receptor
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FIGURE 1 | The hippocampal relative expression of glucocorticoid (GR) and mineralocorticoid (MR) mRNA levels are correlated with serum
corticosterone concentrations only in trained (D) but not in untrained (C) male rats. Estrogen receptor α (ERα) and ERβ mRNA (A,B) as well as androgen
receptor (AR) mRNA (C,D) levels are uncorrelated with serum corticosterone under both conditions. MR and GR data are plotted against the left ordinate and the AR
data against the right ordinate in (C,D). Given are the relative gene expressions. The number at the left side of each data point give the age (in weeks) of the animal
from which the sample is taken.
RNAs were available and sample sizes in receptor RNA
correlations vary because not for each animal RNAs for all
receptors could be measured. Corticosterone concentration
comparisons between groups were done by the Student’s
t-test. The level of significance for all tests was set at p ≤ 0.05
(two-tailed).
RESULTS
Correlations of Body Weights with
Corticosterone
We did not found any correlations with body weights, nor in
the percentages of decrease due to the food deprivation and
neither in the total body weights. Blood serum corticosterone
concentrations were not different in trained (214.2± 50.3 ng/ml,
n = 10) and untrained (180.7 ± 24.6 ng/ml, n = 18, t = −0.67,
p > 0.1) animals.
Correlations of Steroid Receptor mRNA
with Corticosterone
In untrained animals (n = 18) no linear or non-linear
correlations of corticosterone with the expression levels of
mRNA for either ER, MR or GR could be determined
(Figures 1A,C). Also trained animals (n = 10) did not show
any correlation between hormone concentrations and mRNA
levels for ERα, ERβ and AR (Figures 1B,D). Significant linear
correlations of corticosterone concentrations with levels of
receptor mRNA were found only in trained animals with
MR (R2 = 0.44, p = 0.036) and GR (R2 = 0.55, p = 0.015)
mRNA levels. The runs tests revealed no deviation from
linearity: p = 0.881 and p = 0.833; respectively. While the
slopes of regression lines are not different (F = 1.35; DF(1,17);
p = 0.262) the intercepts are different (F = 9.23; DF(1,17);
p = 0.007).
Correlations Between Different Steroid
Receptor mRNA Levels
We tested linear and nonlinear functions of mRNA expression
with MR as independent variable. MR mRNA is linearly
correlated with corticosterone, thus mRNA levels reflect stress
levels, and in contrast to GR, has been identified as crucial
receptor to be involved in spatial long-term memory as
well as LTP during the standard holeboard protocol (Korz
and Frey, 2007) that has been used also in this study. In
untrained animals (n = 25) there was no correlation between
MR and ERα as well as ERβ (Figure 2A), whereas a linear
correlation of MR mRNA with that of GR (R2 = 0.49,
p < 0.001) and AR (R2 = 0.26, p = 0.008) could be determined
(Figure 2C). Slopes of the GR and AR regression lines are
significantly different (F = 6.13; DF(1,46); p = 0.017) The MR-GR
correlation is not deviated from linearity (p = 0.415), whereas
the MR-AR regression deviates from linearity (p = 0.002).
Thus, the latter model mostly depend on only a few animals
showing elevated AR expression with increased MR mRNA.
The low portion of variance of only 26% explained by
the linear function also points to the weakness of the
relation. In trained animals (n = 37, Figures 2B,D) however,
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FIGURE 2 | The hippocampal relative expression of ERα and ERβ mRNA gene expressions are not correlated with hippocampal MR mRNA levels in
untrained animals (A). In trained animals a significant cubic regression for ERα and a trend (p = 0.069) for ERβ receptor mRNA with MR mRNA can be observed
(B). The AR and GR mRNA are linearly correlated with MR mRNA in untrained animals (C), in trained animals the linear correlation of GR mRNA persists (D), whereas
the AR mRNA is correlated in a cubic manner with MR mRNA (D). MR and GR data are plotted against the left ordinate and the AR data against the right ordinate in
(C,D). Given are the relative gene expressions. The number at the left side of each data point give the age (in weeks) of the animal from which the sample is taken.
a complete different situation appears. For the ERα and
AR mRNA levels a cubic correlation with MR expression
explains the highest portion of variance among variables
(ERα: R2 = 0.32, p = 0.008; Figure 2B), (AR: R2 = 0.67,
p < 0.001; Figure 2D). There is no deviation from the model
in ERα (p = 0.886) as well as in AR (p = 0.844). The GR
mRNA concentrations again show a linear correlation with
MR expression (R2 = 0.90, p < 0.001), showing no deviation
from linearity (p = 0.442). Cubic regressions in all cases are
not dependent on the points of highest MR expression, but
remained significant if these points are excluded from the
analyses.
Correlations Between Steroid Receptor
mRNA Levels and Behavior
We also tested correlations for mRNA concentrations with
of reference memory errors (RME) made by individual rats
during the last trial of the holeboard training. We found
correlations between RME and all receptor expressions except
AR (Figure 3B). The regression of mRNA levels and RME was
linear for ERα (R2 = 0.19, p = 0.027; Figure 3A, n = 26), fitting
to the model (p = 0.735) and cubic for ERβ (R2 = 0.33, p = 0.038,
Figure 3A, n = 26), GR (R2 = 0.34, p = 0.032, Figure 3C, n = 25)
and MR mRNA (R2 = 0.33, p = 0.037; Figure 3C, n = 26).
However ERβ and MR correlations deviates from the model
(both p = 0.036), whereas the GR correlation fits into the model
(p = 0.207). There was no correlation of corticosterone titers
with RME.
DISCUSSION
According to the inverted U-shape model of the impact of stress
upon learning and memory we hypothesized that GR receptor
expression should be correlated to corticosterone levels in a
linear or higher order manner. Other cognition modulating
steroid receptors like ER should be correlated to GR receptors
in a quadratic manner, which describes a parabola and thus
a U-shaped connection. GR receptore are lineary correlated
with serum corticosterone levels only in trained animals but
not untrained animals although the hormone levels are not
different between these groups. Thus, in trained animals the
expression of MR and GR reflects the individual amount of
circulating corticosterone. The relatively high concentrations
of serum corticosterone in untrained animals is well known
as an outcome of food deprivation, that induces chronically
elevated serum corticosterone concentrations (Krieger, 1974;
Itoh et al., 1980; Schulz and Korz, 2010), the variation may
be due to the individual sensitivity to less food. Hippocampal
corticosterone concentrations lack to correlate with the receptor
levels, however this may be a matter of timing, because serum
concentrations react very quickly to environmental demands
and it takes some time to see this changes also in the
hippocampus, especially at the individual level. ERα, ERβ and AR
expression seems to be independent of corticosterone under both
environmental conditions but not independent ofMR expression
after training. According to the hypothesis the relationship
between MR and ER should be best described by a quadratic
function. However, a cubic regression function thus a third
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FIGURE 3 | ERα mRNA is linearly and ERβ mRNA cubically
(A) correlated with the numbers of reference memory errors (RME).
Both MR and GR mRNAs are correlated with RME in a cubic manner (C),
whereas AR mRNA is not correlated with RME (B). Given are the relative gene
expressions. The behavioral data are taken from the retention trial (trial 10,
day 3). The number at the left side of each data point give the age of the
animal from which the sample is taken.
order regression, explaining most of the variance, fits best
to the data. There is some support of the initial hypothesis,
however the relationship seems to be more complicated.
Although, we cannot make any conclusions on causal effects
based on the present analyses, these results suggest that the
inverted U-shape (quadratic) relation is reflected in mRNA
expression only during intermediate to higher stress, but the
regulation of gene expression may involve other factors when
stress or GRs reach a critical level. The identification of
these factors and their possible involvement in stress related
cognitive decline may be a promising field of research in
future studies. The possibly changing relative occupation of
MR and GR under these conditions may be one factor
involved.
It has been suggested that MR act as a molecular switch
to direct downstream signaling processes involved in spatial
navigation (Oitzl and de Kloet, 1992; Schulz and Korz, 2010)
and memory systems as well as in the maintenance of
hippocampal LTP (Wang et al., 2013), a cellular model of
memory formation. The balance of MR/GR and the relative
occupation plays a major role on stress related cognition
and motivation. Some previous studies addressed specific
functions of GR receptors using genetic mouse models. Mice
with genetically reduced hippocampal GR expression exhibit
depression like behavior whereas GR overexpression reduced
helplessness after stress (Ridder et al., 2005). Reduced forebrain
GR levels result in enhanced whereas increased MR at the
same time reduced the hypothalamo-pituitary-adrenal (HPA)-
axis activity, enhanced spatial perseverance and impaired fear
memory extinction (Harris et al., 2013). Parallelism in MR and
GR gene expression can be observed under both environmental
conditions, thus seems to require the combination of stress
and training, as suggested by the lack of correlations with
corticosterone levels in untrained animals. AR expression is
related to MR expression in a similar manner as ERα in
trained animals, possibly suggesting similar functional relations
of these receptors with MR induced cellular signaling or
expression of target genes of MR during training. Target
genes of activated receptors may be involved in the control
of cognition and emotion. The whole network then may
act not only to promote but also to reduce the emotional-
cognitive processing, thus keeping the system in a homeostasis.
Two main preliminary conclusions can be drawn from these
results: (i) a learning related quadratic or cubic function
of single steroid receptors cannot be observed, but can be
realized by the interplay of different receptor types; and
(ii) the kind of correlation between expressions of specific
steroid receptors can be different when related to memory. The
second point has been confirmed with regard to corticosterone
effects (downstream signaling proteins and local availability of
corticosterone) in different brain regions (Akirav et al., 2001;
Joëls, 2006).
The interaction of different receptors take place by different
mechanisms. Heterodimerization, the combination of different
receptor types in heterodimeric protein complexes, changes
the availability of target gene promoter binding sites and
thus the expression of target genes. Heterodimerization and
other protein-protein interactions of steroid receptors in the
regulation of transcription have been repeatedly described
(Liu et al., 1995; Chen et al., 1997; Cowley et al., 1997;
Savatier et al., 2010; Cvoro et al., 2011; Tetel and Acharya,
2013). The energetics or affinity between ligands and receptors,
between receptors, and between receptors and DNA can
also be quantitatively related to transcriptional regulation
(Agnati et al., 2007; Wang et al., 2013; Bain et al., 2014).
A further regulatory mechanism of transcription is provided
by epigenetic changes of the target genes’ HRS, namely
DNA-methylation leading to reduced access of transcription
factors to their binding sites and therefore, to reduced
transcription of target genes. The opposite effect is provided
by mechanisms of histone acetylation. Further, transrepression
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and transactivation of gene expression can be observed in
steroid receptors (Newton and Holden, 2007), allowing a
complex fine tuning of transcriptional activity. Pharmacological
blockade of the ERα in young male rats for instance has
significant effects not only on spatial performance but also on
the expression of other steroid receptor genes (Meyer and Korz,
2013b).
The regulation of functional activity at the protein level is
similarly manifold. The cellular distribution separates genomic
functions mediated by cytosolic receptors from non-genomic
effects mediated by membrane-bound receptors, although these
receptors can indirectly be involved in the regulation of
transcriptional activity via different cellular signaling processes
(Norman et al., 2004). In addition, different subregions and
cell types within the hippocampus may contribute differentially
to receptor interactions. Colocalization of MR and GR has
been described for CA1 and CA2 pyramidal and dentate gyrus
granular neurons and nuclei in the rat brain (Han et al., 2005).
ERα and ERβ are also widely colocalized in the the hippocampus
(Hösli and Hösli, 1999), seemingly ERβ more in the cytoplasm
and ERα more in the nuclei of CA1, CA3 and dentate gyrus
neurons in male rats (Kalita et al., 2005).
A limitation of the study is the different age of animals,
however regression analyses along three age classes gives very
ambigious or even no results. There is no clear age specific
delimitable concentration of animals in the figures making a age
effect unlikely. However further studies should focus on separate
analyses of age classes and should include females as well, in
order to figure out sex specific differences.
Nevertheless, the obtained results make more detailed studies
promising regarding the understanding of processes leading to
the coordinated expression of steroid receptor genes and the
interactions of receptors within a complex network to induce
specific cellular signaling and target gene expressions during
cognitive processes and stress related cognitive decline.
AUTHOR CONTRIBUTIONS
GL discussed the results, wrote the manuscript. VK generated the
idea, performed the analysis, wrote the manuscript.
REFERENCES
Agnati, L. F., Guidolin, D., Leo, G., and Fuxe, K. (2007). A Boolean network
modelling of receptor mosaics relevance of topology and cooperativity.
J. Neural Transm. (Vienna) 114, 77–92. doi: 10.1007/s00702-006-0567-6
Akirav, I., Kozenicky, M., Tal, D., Sandi, C., Venero, C., and Richter-Levin, G.
(2004). A facilitative role for corticosterone in the acquisition of a spatial task
under moderate stress. Learn. Mem. 11, 188–195. doi: 10.1101/lm.61704
Akirav, I., Sandi, C., and Richter-Levin, G. (2001). Differential activation of
hippocampus and amygdala following spatial learning under stress. Eur. J.
Neurosci. 14, 719–725. doi: 10.1046/j.0953-816x.2001.01687.x
Anderson, C. R. (1976). Coping behaviors as intervening mechanisms in the
inverted-U stress-performance relationship. J. Appl. Psychol. 61, 30–34. doi: 10.
1037/0021-9010.61.1.30
Andreano, J. M., and Cahill, L. (2006). Glucocorticoid release and memory
consolidation in men and women. Psychol. Sci. 17, 466–470. doi: 10.1111/j.
1467-9280.2006.01729.x
Bain, D. L., Connaghan, K. D., Maluf, N. K., Yang, Q., Miura, M. T., De Angelis,
R. W., et al. (2014). Steroid receptor-DNA interactions: toward a quantitative
connection between energetics and transcriptional regulation. Nucleic Acids
Res. 42, 691–700. doi: 10.1093/nar/gkt859
Chen, S., Wang, J., Yu, G., Liu, W., and Pearce, D. (1997). Androgen and
glucocorticoid receptor heterodimer formation. A possible mechanism for
mutual inhibition of transcriptional activity. J. Biol. Chem. 272, 14087–14092.
doi: 10.1074/jbc.272.22.14087
Cowley, S. M., Hoare, S., Mosselman, S., and Parker, M. G. (1997). Estrogen
receptors α and β form heterodimers onDNA. J. Biol. Chem. 272, 19858–19862.
doi: 10.1074/jbc.272.32.19858
Cvoro, A., Yuan, C., Paruthiyil, S., Mille, O. H., Yamamoto, K. R., and Leitman,
D. C. (2011). Cross talk between glucocorticoid and estrogen receptors occurs
at a subset of proinflammatory genes. J. Immunol. 186, 4354–4360. doi: 10.
4049/jimmunol.1002205
Day, M., Sung, A., Logue, S., Bowlby, M., and Arias, R. (2005). Beta
estrogen receptor knockout (BERKO) mice present attenuated hippocampal
CA1 long-term potentiation and related memory deficits in contextual
fear conditioning. Behav. Brain Res. 164, 128–131. doi: 10.1016/j.bbr.2005.
05.011
Diamond, D. M., Bennett, M. C., Fleshner, M., and Rose, G. M. (1992). Inverted-U
relationship between the level of peripheral corticosterone and the magnitude
of hippocampal primed burst potentiation. Hippocampus 2, 421–430. doi: 10.
1002/hipo.450020409
Frye, C. A., Duffy, C. K., andWalf, A. A. (2007). Estrogens and progestins enhance
spatial learning of intact and ovariectomized rats in the object placement task.
Neurobiol. Learn. Mem. 88, 208–216. doi: 10.1016/j.nlm.2007.04.003
Gagnidze, K., and Pfaff, D. W. (2009). Sex on the brain. Cell 139, 19–21. doi: 10.
1016/j.cell.2009.09.011
Han, F., Ozawa, H., Matsuda, K., Nishi, M., and Kawata, M. (2005). Colocalization
of mineralocorticoid receptor and glucocorticoid receptor in the hippocampus
and hypothalamus. Neurosci. Res. 51, 371–381. doi: 10.1016/j.neures.2004.12.
013
Harris, A. P., Holmes, M. C., de Kloet, E. R., Chapman, K. E., and Seckl, J. R.
(2013). Mineralocorticoid and glucocorticoid receptor balance in control of
HPA axis and behaviour. Psychoneuroendocrinology 38, 648–658. doi: 10.
1016/j.psyneuen.2012.08.007
Hösli, E., and Hösli, L. (1999). Cellular localization of estrogen receptors on
neurones in various regions of cultured rat CNS: coexistence with cholinergic
and galanin receptors. Int. J. Dev. Neurosci. 17, 317–330. doi: 10.1016/s0736-
5748(99)00038-6
Itoh, S., Katsuura, G., and Hirota, R. (1980). Conditioned circadian rhythm of
plasma corticosterone in the rat induced by food restriction. Jpn. J. Physiol. 30,
365–375. doi: 10.2170/jjphysiol.30.365
Joëls, M. (2006). Corticosteroid effects in the brain: U-shape it. Trends Pharmacol.
Sci. 27, 244–250. doi: 10.1016/j.tips.2006.03.007
Kalita, K., Szymczak, S., and Kaczmarek, L. (2005). Non-nuclear estrogen receptor
β and α in the hippocampus of male and female rats.Hippocampus 15, 404–412.
doi: 10.1002/hipo.20066
Korte, S. M. (2001). Corticosteroids in relation to fear, anxiety and
psychopathology. Neurosci. Biobehav. Rev. 25, 117–142. doi: 10.1016/s0149-
7634(01)00002-1
Korz, V., and Frey, J. U. (2007). Hormonal and monoamine signaling during
reinforcement of hippocampal long-term potentiation and memory retrieval.
Learn. Mem. 14, 160–166. doi: 10.1101/lm.459807
Kramár, E. A., Chen, L. Y., Brandon, N. J., Rex, C. S., Liu, F., Gall, C. M.,
et al. (2009). Cytoskeletal changes underlie estrogen’s acute effects on
synaptic transmission and plasticity. J. Neurosci. 29, 12982–12993. doi: 10.
1523/JNEUROSCI.3059-09.2009
Krieger, D. T. (1974). Food and water restriction shifts corticosterone,
temperature, activity and brain amine periodicity. Endocrinol. 95, 1195–1201.
doi: 10.1210/endo-95-5-1195
Liu, F., Day,M.,Muniz, L. C., Bitran, D., Arias, R., Revilla-Sanchez, R., et al. (2008).
Activation of estrogen receptor-β regulates hippocampal synaptic plasticity and
improves memory. Nat. Neurosci. 11, 334–343. doi: 10.1038/nn2057
Frontiers in Behavioral Neuroscience | www.frontiersin.org 6 May 2016 | Volume 10 | Article 94
Lubec and Korz U-Shaped Receptor Expression
Liu, W., Wang, J., Sauter, N. K., and Pearce, D. (1995). Steroid receptor
heterodimerization demonstrated in vitro and in vivo. Proc. Natl. Acad. Sci.
U S A 92, 12480–12484. doi: 10.1073/pnas.92.26.12480
Luksys, G., Gerstner, W., and Sandi, C. (2009). Stress, genotype and
norepinephrine in the prediction of mouse behavior using reinforcement
learning. Nat. Neurosci. 12, 1180–1186. doi: 10.1038/nn.2374
Mahfouz, A., Lelieveldt, B. P., Grefhorst, A., van Weert, L. T., Mol, I. M., Sips,
H. C., et al. (2016). Genome-wide coexpression of steroid receptors in the
mouse brain: identifying signaling pathways and functionally coordinated
regions. Proc. Natl. Acad. Sci. U S A 113, 2738–2743. doi: 10.1073/pnas.
1520376113
McEwen, B. S. (1992). Steroid hormones: effect on brain development and
function. Horm. Res. 37, 1–10. doi: 10.1159/000182393
McEwen, B. S. (2002). Estrogen actions throughout the brain. Recent Prog. Horm.
Res. 57, 357–384. doi: 10.1210/rp.57.1.357
McGaugh, J. L. (1983). Hormonal influences on memory. Annu. Rev. Psychol. 34,
297–323. doi: 10.1146/annurev.ps.34.020183.001501
Meyer, K., and Korz, V. (2013a). Age dependent differences in the regulation of
hippocampal steroid hormones and receptor genes: relations to motivation and
cognition in male rats. Horm. Behav. 63, 376–384. doi: 10.1016/j.yhbeh.2012.
12.002
Meyer, K., and Korz, V. (2013b). Estrogen receptor α functions in the regulation
of motivation and spatial cognition in young male rats. PLoS One 8:e79303.
doi: 10.1371/journal.pone.0079303
Neese, S. L., Korol, D. L., Katzenellenbogen, J. A., and Schantz, S. L. (2010). Impact
of estrogen receptor α and β agonists on delayed alternation in middle-aged
rats. Horm. Behav. 58, 878–890. doi: 10.1016/j.yhbeh.2010.08.017
Newton, R., and Holden, N. S. (2007). Separating transrepression and
transactivation: adistressing divorce for the glucocorticoid receptor? Mol.
Pharmacol. 72, 799–809. doi: 10.1124/mol.107.038794
Norman, A. W., Mizwicki, M. T., and Norman, D. P. (2004). Steroid-hormone
rapid actions, membrane receptors and a conformational ensemble model.Nat.
Rev. Drug Discov. 3, 27–41. doi: 10.1038/nrd1283
Oitzl, M. S., and de Kloet, E. R. (1992). Selective corticosteroid antagonists
modulate specific aspects of spatial orientation learning. Behav. Neurosci. 106,
62–71. doi: 10.1037/0735-7044.106.1.62
Oitzl, M. S., van Haarst, A. D., and de Kloet, E. R. (1997). Behavioral
and neuroendocrine responses controlled by the concerted action of
central mineralocorticoid (MRS) and glucocorticoid receptors (GRS).
Psychoneuroendocrinology 22, S87–S93. doi: 10.1016/s0306-4530(97)00020-6
Ridder, S., Chourbaji, S., Hellweg, R., Urani, A., Zacher, C., Schmid, W., et al.
(2005). Mice with genetically altered glucocorticoid receptor expression show
altered sensitivity for stress-induced depressive reactions. J. Neurosci. 25,
6243–6250. doi: 10.1523/jneurosci.0736-05.2005
Rissman, E. F. (2008). Roles of oestrogen receptors α and β in behavioral
neuroendocrinology: beyond Yin/Yang. J. Neuroendocrinol. 20, 873–879.
doi: 10.1111/j.1365-2826.2008.01738.x
Salehi, B., Cordero, M. I., and Sandi, C. (2010). Learning under stress: the inverted-
U-shape function revisited. Learn. Mem. 17, 522–530. doi: 10.1101/lm.19
14110
Sandi, C., Loscertales, M., and Guaza, C. (1997). Experience-dependent facilitating
effect of corticosterone on spatial memory formation in the water maze. Eur. J.
Neurosci. 9, 637–642. doi: 10.1111/j.1460-9568.1997.tb01412.x
Savatier, J., Jalaguier, S., Ferguson, M. L., Cavaillès, V., and Royer, C. A.
(2010). Estrogen receptor interactions and dynamics monitored in live cells by
fluorescence cross-correlation spectroscopy. Biochemistry 49, 772–781. doi: 10.
1021/bi9013006
Schulz, K., and Korz, V. (2010). Hippocampal testosterone relates to reference
memory performance and synaptic plasticity in male rats. Front. Behav.
Neurosci. 4:187. doi: 10.3389/fnbeh.2010.00187
Schwabe, L., Schächinger, H., de Kloet, E. R., and Oitzl, M. S. (2010).
Corticosteroids operate as a switch betweenmemory systems. J. Cogn. Neurosci.
22, 1362–1372. doi: 10.1162/jocn.2009.21278
Tetel, M. J., and Acharya, K. D. (2013). Nuclear receptor coactivators: regulators
of steroid action in brain and behaviour. J. Neuroendocrinol. 25, 1209–1218.
doi: 10.1111/jne.12065
Tetel, M. J., and Pfaff, D. W. (2010). Contributions of estrogen receptor-α and
estrogen receptor-β to the regulation of behavior. Biochim. Biophys. Acta 1800,
1084–1089. doi: 10.1016/j.bbagen.2010.01.008
van Steensel, B., van Binnendijk, E. P., Hornsby, C. D., van der Voort, H. T.,
Krozowski, Z. S., de Kloet, E. R., et al. (1996). Partial colocalization of
glucocorticoid and mineralocorticoid receptors in discrete compartments in
nuclei of rat hippocampus neurons. J. Cell Sci. 109, 787–792.
Wang, H., Meyer, K., and Korz, V. (2013). Stress induced hippocampal
mineralocorticoid and estrogen receptor β gene expression and long-term
potentiation in male adult rats is sensitive to early-life stress experience.
Psychoneuroendocrinology 38, 250–262. doi: 10.1016/j.psyneuen.2012.
06.004
Weiland, N. G., Orikasa, C., Hayashi, S., and McEwen, B. S. (1997). Distribution
and hormone regulation of estrogen receptor immunoreactive cells in the
hippocampus of male and female rats. J. Comp. Neurol. 388, 603–612. doi: 10.
1002/(SICI)1096-9861(19971201)388:4<603::AID-CNE8>3.0.CO;2-6
Wu, M. V., Manoli, D. S., Fraser, E. J., Coats, J. K., Tollkuhn, J., Honda, S., et al.
(2009). Estrogen masculinizes neural pathways and sex-specific behaviors. Cell
139, 61–72. doi: 10.1016/j.cell.2009.07.036
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The reviewer AB and the handling Editor declared their shared affiliation, and the
handling Editor states that the process nevertheless met the standards of a fair and
objective review.
Copyright © 2016 Lubec and Korz. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 7 May 2016 | Volume 10 | Article 94
